Ann occup. Hyg Vol. 46, No. 4, pp. 401-407, 2002
© 2002 British Occupational Hygiene Society
Published by Oxford University Press

DOI: 10.1093/annhyg/mef046

The Variability of Delivered Dose of Aerosols with the
Same Respirable Concentration but Different Size
Distributions

N. A. ESMEN*, D. L. JOHNSON and G. M. AGRON

Aerosols Research Laboratory, University of Oklahoma Health Sciences Centre, PO Box 26901,
Oklahoma City, OK 73190, USA

Received 17 July 2001; in final form 14 December 2001

The influences of aerosol size distribution and breath tidal volume on respirable dose estimates
were examined for mouth breathing using the ACGIH/ISO/CEN criterion for respirable-
equivalent aerosols. Actual tissue doses predicted from a set of pulmonary empirical deposition
equations, the Heyder—Rudolf equations, were compared with deposition assumed to occur
under the penetration-based respirable dust sampling criterion. Deposition estimate errors
ranged from [01/10- to 10-fold, with aerosol mass median aerodynamic equivalent diameter and
geometric standard deviation as well as tidal volume each showing a substantial influence
under appropriate conditions. These findings demonstrate that reliance on respirable aerosol
sampling data obtained with devices performing on a penetration-based sampling criterion
may lead to erroneous dose—response relationships in exposure standard development as well
as exposure misclassification errors during epidemiological studies. A more reliable dose
estimate would be obtained using devices with collection efficiency performance closely match-
ing the alveolar deposition prediction curves of Heyder and Rudolf. We believe that if it is not
currently required, the development of a deposition-based aerosol sampling methodology will
soon be required for the determination and quantification of inhaled aerosol-induced adverse
health effects.
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INTRODUCTION measurements were a significant improvement over
. . . . ._measurements that did not include some degree of
Ideally, air sampling devices intended to characterize__ . . . .
; - scaling based on particle size, the difference between
occupational exposures to potentially hazardous . o o
. enetration to a specific site and deposition at that
aerosols should yield measurement results represeoit-e ‘s bound to create discrepancies in risk estima-
tative of a risk-related quantity that can be directl on. It has been reported thF;t this limitation has
and unambiguously interpreted. The undeniable’ P

importance of considering particle size distribution aglways been clearly understood by developers of

a modifier for inhaled particle-induced health riskssue-selectlve sampling criteria derived from pre-
eparator performance and known to closely repre-

has been a part of exposure estimation and risk ché . .
nt, but not exactly predict, respiratory tract depos-

acterization processes since the development of ean | qVi ¢ hether th
pre-separators for sampling the ‘respirable’ fractioffion (Walton and Vincent, 1998). In fact, whether the

of aerosols (see for example Wright, 1954; Hyatlattribution of risks should be based on a penetration-
1960). Hitherto commonly employed pre-separato#-)ased or a deposition-based index has recently been
based measurement methods are, one way oranotr@gated (Soderholm and McCawley, 1990; Hewett,
related to the probability of penetration of particlest991). McCawley (1993) estimated a range of differ-
to the respiratory tract. While penetration-base§nces of as much as 400% in deposition- and penetra-
tion-based dose estimates. Fisher and McCawley

(1997) showed a broad range of particle size distribu-
tions that contained both sub-micrometre and larger

*Author to whom correspondence should be addressed.  Particles from published ambient air particle size
e-mail: nurtan-esmen@ouhsc.edu distributions, suggesting that this broad range could
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contribute to significant differences between penetra-  erf(y) = 1 — (1 +ay + a2 + ... +agys)16
tion- and deposition-based dose estimates. These +&(y) 4
concerns notwithstanding, a systematic investigation
of the magnitude of potential error in penetrationfor 0 < y < « or, equivalentlyd = 4.25pm. The
based dose estimation has not been reported. coefficient values area; = 0.070523078,a, =
Corresponding to the current aerosol samplin§.0422820123, =0.0092705272, = 0.001520143,
technology, penetration-based samplers widely uséd = 0.0002765672 ara} = 0.0000430638 (Hastings,
in occupational hygiene include the 10 mm cyclond955). For < <y<0, i.e.d < 4.25um, with the prop-
and IOM personal samplers, which measure th@rty of the error function:
respirable and inhalable aerosol fractions, respect-
ively. The sampling performance of these devices erf(y) = 1 —erf(-y) (5)
conforms closely to current criteria for size-selective
sampling (Soderholm, 1989; ACGIH, 2001). StudyWhend < 4.25um, y = 1.7439399 In{/4.25) and
ing one type of instrument would be consequential iR = [1 =F(x)] = 1 within 6x 10-%. Similarly, when
understanding the error behaviour in all penetratiorfl 2 25-1 um, P(X) = 0 within the same error. In
based instruments. We chose respirable aerosi?!Ving the penetration equations numerically one
sampling purely on the basis of mathematical codn@ shorten the_ ca_tlculatlons if an error of up to 0.1%
venience of the calculations. The method used in thiS accepted. This implies that 0.001 < [F)] <
paper is directly transposable to any aerosol penetr(?:\'-999 or 0'0005. erf(y) < 0.9995, for whicly =+ 3.1.
tion-based method of estimating aerosol dose. THB terms of particle sizes< 0.72um fory<-3.1 and
ACGIH/ISO/CEN criterion for respirable aerosol X 2 25.1um fory = 3.1 would correspond to these

samplers may be expressed as (Soderholm, 1989):b0unds.' Seven or more decimal .place expression of
the rational approximation equation coefficients for

equation (4) is necessitated by the non-linear nature
of the approximation and keeping the error bounds
whereSR(d) is the fraction of total airborne particlesg]; sti?:d I?il:nrﬁ:rlcal integration processes within the
of sized that is expected to penetrate to the pulmon- Foragivenlog-normallydistributedaerosol,themass

ary .spacesS.I(d) IS th? fracpon of total a!rborne fraction P(x) penetrating through an ideal respirable
particles of sizel that will be inhaled an&(x) is the erosol sampler, i.e. one performing according to

cumulative probability function of the Standardized:quation (1), the Soderholm criterion, may be readily

random variablex calculated. In exposure assessment or stratification
« using sampling data from such a sampler, the implicit
dx 2 assumptionisthatthis mass fractionrepresentsthe dose
F(x) = M _[ E_[e @ o pulmonary tissues. Consequently, similar 8 h time-
—0 weighted average respirable mass sampling results
. . . from different exposures to the same material, such as
Herex = In(d/ug)/In(oy), whered is again the particle g4 _containing mineral dust, would be considered to
size, g is the geometric mass median aerodynamignresentthe same potential dose. However, ithas been
particle diameter (MMAD) of the log-normally ,teq that this is an erroneous estimate because not all
distributed aerosol and is the aerosol's geometric the material penetrating to the pulmonary spaces will
standard deviation (GSD). For respirable aeros%leposit there (Hewett, 1991; McCawley, 1993). The
samplers the reference valuesipndog are 4.251m  guestion arises as to the magnitude of these errors for
and 1.5, respectively. Siné¢x) represents collection giferent aerosol sizes and inhalation rate variations as
of particles by the sampleP(x) = [1 —F(x)] repre-  the controlling parameters. In this work we have exam-
sents penetration of particles through the sampler. jned these errors for mouth breathing using empirical
F(x) may also be expressed using the error functiofleposition equations as applied to aerosols that would

SRd) = S(d)[1 - F(X)] = S(d)P(d) @)

(erf) as (Soderholm, 1989): be expected to yield the same respirable mass concen-
tration when sampled with an ‘ACGIH/ISO/CEN ideal
1 OX ] sampler’.
F(x) = —[1+erf —J 3)
2 aya
_ 1[1 rerf gn(d/4_2§2% Respirable equwalen(.:e . .
2 J2In(1.5 If aerosolsA andB indicate the same respirable

mass concentrations when sampled with an ideal
whered is inum. The error function may be approxi- respirable aerosol sampler, then they may be said
mated as (Hastings, 1955): to be respirable-equivalent aerosols according to the
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ACGIH/ISO/CEN Soderholm penetration criterion.applied to both mouth and nose breathing over a

The respirable mass collected for aerdsd:

A = CifAP(dd (6)
0

and the respirable mass collected for aerBssl

B = CoA,P(xdd @)
0

range of breathing frequencies and tidal volumes.
Deposition efficiency in the alveolar compartment
for particles> 0.05um is:

DE, = (1 —dy)(1 -d)(1 -dg) VaAVd,  (12)
whered, is the regional deposition efficiency in the
nose,d, is the regional deposition efficiency in the
larynx, dg is the regional deposition efficiency in
the tracheobronchial regio¥, is the aerosol volume

whereA represents a log-normal mass distribution o€oming to rest in the alveolar airways at end-inspir-

particle sizesl with MMAD , and GSDo,, C, and

ation, V is the tidal volume and, is the regional

C, are the total mass concentrations of the two aerdeposition efficiency for the alveolar region.

sols andP(x) = [1 —F(X)] is as previously defined. If

The reader is referred to the original articles for a

the aerosols are respirable-equivalent, then by defigescription of the mathematical form of each of the

ition:
ClIAlP(x)dd = CZI)\ZP(x)dd (8)
0 0

Substituting from above,

IS 0.72um 25.1um

AP (xdd [ MP(Ydd [ AP(Xdd
C, = S, = 0A7%1m 35%? C

[AzP()dd [ AP [ A,P(x)dd

0 0 0.72um (9)
However,
0.72um

0.7 /
dn(0.72um) ug%} (10)

1
MP(X)dd = 2|1+ erf
{ ! 2{ 0 2mo, O

therefore,

0.72um)/ 25.3um
1{1 + erfMﬁﬂ + [ AP(Xdd

O f2|ncrgl O o72m

C,

0n(0.72um)/ 25.1um
11 4 o @7 o] | A,P(x)dd
2 O V2ino,, O (o
' (11)

Thus, a total mass concentrati@y of aerosolA,

(Mg Ogo) is required to yield the same respirabl
mass sampling result as a concentra@oiof aerosol

terms, but we note here that the relevant variables
include the particle aerodynamic diameter, mean
volumetric flow rate, functional residual capacity,
extra-thoracic dead space volume at end-inspiration
and aerosol diffusion coefficient. We refer to equa-
tion (12) as the Heyder—Rudolf relationship. For the
case of mouth breathirdy, = 0. Alveolar deposition
predicted from equation (12) is compared with the
ACGIH/ISO/CEN Soderholm sampling efficiency
criterion in Fig. 1. It is apparent from Fig. 1 that
the distribution of particle mass within the particle
size range spanned by equation (1), the Soderholm
criterion, should influence the indicated respirable
mass concentration.

METHODS

A computer program using a structured Basic
language (Microsoft QuickBasic) was written to:
(i) calculate the value dof, given the MMAD and
GSD values for two aerosols and an assumed value of
C, = 1 arbitrary concentration units; (ii) calculate the
masse®,; andD, of the two aerosols predicted by the
empirical equations for deposition in the alveolar
spaces following oral breathing; (iii) compare the two
mass fractions via the ratiB,/D,. The program
employed the error function calculation scheme
described above as well as a Romberg—Richardson
integration algorithm (Hildebrand, 1974). Calcu-
lations were performed for a breathing frequency of

el5 min, tidal volumes of 750, 1500 and 2100%m

Mg @ndug, = 0.1, 0.2, 0.5, 1, 1.5, 2 andufn, 0, =

A1 (Mg1, Ogy). Given any two such respirable-equiva-1-5 and 3 andg, = 1.5, 1.75, 2, 2.5 and 3. Errors
lent aerosols, it is possible to compare empiricalljvere calculated as

derived estimates of actual tissue dose from each and
to determine the influence of MMAD and GSD on
the amount of error observed. Heyder and Rudolf and
colleagues studied particle deposition in human
subjects and developed a series of empirical equa-
tions describing deposition efficiencies in various Figures 2—4 illustrate the influences of differences
respiratory tract regions (Heydet al, 1985, 1986; in MMAD, GSD and tidal volume on respirable dose
Rudolf et al, 1986, 1988). The equations may beor two aerosols that would be considered respir-

A (%) = 100% (D,/D, — 1) (13)

RESULTS AND DISCUSSION
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Fig. 1. ACGIH/ISO/CEN Soderholm respirable sampler efficiency criterion versus empirically derived alveolar regional deposition
efficiencies. The Heyder—Rudolf empirical curves are for conditions of 500 and 1500 ml tidal volume and bseathing rate.

able-equivalent according to the ACGIH/ISO/CENthereby reducing the net difference as calculated by
Soderholm sampling criterion, i.e. two aerosols thatquation (13). Similarly, agreement between the
would provide the same collected mass durindCGIH/ISO/CEN Soderholm criterion and the
sampling. The ranges of error values for each condempirical equations decreases with decreasing tidal
tion are presented in Table 1. volume for a given breathing frequency, as shown in
The error range was maximum for the condition oFig. 1, so that the net error calculated by equation
smallest tidal volume (750 ml) and smallest GS[¥13) decreases with decreasing tidal volume, as
(1.5) for both aerosols. This range represented aaflected in Figs 2—4.
[(10-fold difference in the mass depositions of the The effect of tidal volume is inversely proportional
two aerosols, which under the ACGIH/ISO/CENto its magnitude. The simplest way to observe this
Soderholm sampling criterion are tacitly assumed teffect is to note the decline in maxima for any given
represent equal risk. The range decreased as tidal vsize distribution from the high at 750 ml tidal volume
ume increased for fixed GSD values and decreasedtasa low at the 2100 ml tidal volume (Table 1). The
the GSDs increased for a fixed tidal volume. Theesults show that for a given particle size distribution
error range was minimum for the condition of largesthe magnitudes of errors diminish with increased
tidal volume (2100 ml) and largest GSD (3.0) fortidal volume. It may also be observed that the relative
both aerosols. change in error for a given particle size distribution as
Error values were maximum (positively or nega-a function of tidal volume is not constant. This obser-
tively) when the mean size of one of the aerosolgation suggests a strong interaction between particle
was 0.5um and that of the other aerosol wassize distribution and tidal volume in affecting the
greater than(b um. For the former aerosol the magnitude of error. This is expected from the semi-
differences between deposition predicted from thempirical equations used in the calculations. As
ACGIH/ISO/CEN criterion and that predicted fromshown in the equations, all deposition rates in
the empirical equations are greatest about the empdifferent respiratory tract compartments are strongly
ical equation’s minimum afD.5 um and the small dependent on breathing volumetric flow. Although
GSD maximizes the cumulative error associatethe particle—volumetric flow interactions are
with that aerosol. For the latter aerosol the sizemportant in calculation of the magnitude of the
distribution falls primarily within the region where errors, the general trend exhibited by these maxima is
the ACGIH/ISO/CEN Soderholm and empiricalmore important in interpretation of the results. The
curves merge, so that there is little differencérends shown suggest that the errors tend to magnify
between deposition predicted by the two functionsduring sedate periods. Since sedate periods are
Thus, the disparity between the actual dose, axpected to dominate work, with only short bursts of
predicted by the Heydeat al empirical equations, intense activity, it is likely that the true errors would
and the assumed dose, as predicted by equation (¢ closer to the maxima than the lower one shown
the Soderholm sampling criterion, is maximizedunder heavy exercise. In addition, during sedate
MMAD values different from 0.pim reduce the error periods nose breathing dominates. In nose breathing
for the former aerosol, while MMAD values smallerdeposition of the sub-micrometre fraction is rela-
than[b um increase the error for the latter aerosoliively stable in comparison to the larger fraction.
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Fig. 2. Variation in percent error withy, andp, for breath Fig. 3. Variation in percent error withy, andp, for breath
frequency 15 mirt, tidal volume 750 crhand (a)og; = 0y, = frequency 15 mint; tidal volume 1500 cfand (a)oy, =04, =
1.5, (b)ay, = 1.5 andog, = 3 or (C)og; =0y, = 3. 1.5, (b)ag, = 1.5 andog, = 3 or (C)ay, =0y, = 3.

Thus, the deposition patterns change in a manngpubling, because when a risk is estimated on the
that is similar to an increase in particle median sizéyasis of aerosol penetration measurementsa an
consequently suggesting that the likely errors woulgriori or concurrent knowledge of the aerosol particle
again be closer to the maximum values for the distriize distribution is not necessarily assumed. With this
butions considered rather than the minimum valueslack of information, one can only attribute an abso-
The patterns suggested by these results and the#e accuracy to doses that are roughly somewhere
interpretation of these patterns are conclusive. This etween 1/10- and 10-fold the level indicated by the
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Fig. 4. Variation in percent error with, andy, for breath
frequency 15 mirt, tidal volume 2100 cfand (a)og, = 0g, =
1.5, (b)ay, = 1.5 andog, = 3 or (C)ag; =0, = 3.

exposure measurement, i.e. absolute dose estimation

appreciably, then the relative merit of measurements
that reflect changes in dose from day to day would
constitute a consistent and accurate index for
exposure-based dose. However, there would be no
justification for projecting this relative merit to
different processes and to some extent to the same
process at different workplaces. Unfortunately,
almost all of the important uses of these measure-
ments are related to generalized populations of both
workers and workplaces. Therefore, the results
obtained are logically contrary to use of the measure-
ments in determining risk for a given toxic aerosol.
This observation suggests that while penetration-
based measurement was an immensely important
improvement over total dust measurement or unre-
lated dust measurement (such as impinger counts),
they are not as accurate in the determination or eluci-
dation of toxic risk as one would wish or need for the
current state of hazard levels in the workplace and the
environment. It is important to realize that when the
undesirable consequences of exposure have very high
prevalence and when the exposures are very high,
even crude concordance between exposure measures
and dose received are expected to yield satisfactory
results. Under these circumstances, saturation of the
body’s defences is very likely to play an important
role. However, as exposure is reduced and the undesir-
able health effects are also reduced to levels that are
not all that much different from the background
prevalence of the undesirable effect, the accuracy
required for determination of exposure as a measure
of dose at a critical organ increases dramatically. This
would be especially true for the early detection of
chronic effects. In almost all industrialized countries
we are unaware of aerosol exposures that have
increased dramatically over the past decades, but all
of us can cite many examples of dramatic reductions
in airborne particulate matter concentration for many
toxic substances. Vincent and Mark (1984) pointed
out the utility of using size distribution data in
estimating received particulate matter doses and the
ability to re-calculate received doses, at a later date,
based on improved understanding of particle depos-
ition and for differences in particle deposition with
changed respiratory parameters. The current research
re-emphasizes this point. In addition, the health
outcome-based arguments pointed out above would
suggest that if it is not currently required, the devel-
opment of a deposition-based aerosol sampling
methodology will soon be indispensable for the
determination and quantification of inhaled aerosol-
induced adverse health effects.

CONCLUSIONS

based on exposure measurement is accurate within an

order of magnitude. It may be argued that the relativEhe influence of aerosol size distribution (MMAD
accuracy of the dose estimation is much betteand GSD) and breath tidal volume on respirable dose
Obviously, if the measured process does not changstimates were examined for mouth breathing using
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Table 1. Maximum positive and negative errors calculated for 15 imieathing rate

Og1 Og Maximum errors (%)
750 ml breath volume 1500 ml breath volume 2100 ml breath volume
Negative Positive Negative Positive Negative Positive
15 15 -91 1014 -82 446 -72 261
15 3 -79 634 -71 272 —-65 151
3 3 -68 208 -58 137 -50 101
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